Objectives-A long-circulating lipid-coated ultrasound (US) contrast agent was fabricated to achieve a longer wash-out time and gain more resistance against highermechanical index sonication. Systemic physical, acoustic, and in vivo imaging experiments were performed to better understand the underlying mechanism enabling the improvement of contrast agent performance by adjusting the physical and acoustic properties of contrast agent microbubbles.
US imaging by enhancing the returning US signal. 3 Microbubble contrast agents are currently used for several clinical applications, such as identification and characterization of tumors, [4] [5] [6] evaluation of myocardial perfusion, 7 and assessment of vessel patency, 8, 9 and have been proven to be effective agents for drug delivery. 10, 11 It has been demonstrated that gas-filled bubbles with a stabilizing shell are the most effective US contrast agents, as the encapsulation of the gas core provides a prominently higher circulation time than free bubbles. Different gases can be applied in the preparation process of gas core microbubbles: for example, air, perfluorocarbon, and sulfur hexafluoride. 4 Air was commonly encapsulated in the first generation of microbubbles, and several products came onto the market: for example, Albunex (Molecular Biosystems, San Diego, CA) and Echovist (Schering AG, Berlin, Germany). However, the stability of air-encapsulated microbubbles was extremely poor because of the solubility of air. With the development of the US contrast agent industry, more microbubbles have tended to use more inert and insoluble gases such as perfluorocarbon and sulfur hexafluoride. The shell composition of the bubble may be lipids, surfactants, albumin, polymers, or a combination of these materials. Albumin-shelled microbubbles were pioneering ingredients used in contrast-enhanced US imaging. Nevertheless, they are usually restricted by their poor stability, immunogenicity, as well as temperature sensitivity. Thick-shelled contrast agents made of polymers with shells of 20 to 100 nm in thickness also have good properties and can be a means for drug delivery. 12, 13 However, the shell stiffness of these polymer-based microbubbles requires specific insonation parameters to mediate delivery. Also, as the oscillation of such agents is dampened by spontaneous characteristics of polymer materials such as chain entanglement, 14, 15 the imaging function of polymer-shelled agents is limited. Lipid materials, however, have the advantage of being stable, biocompatible, and easy to modify and functionalize. Thus, lipid-coated microbubbles tend to be among the most fascinating and beneficial formulations used for biomedical imaging and drug/gene delivery. Nontoxic biodegradable phospholipids are often used to entrap US-reflective gases. Such lipid-coated contrast agents are now commercially available and approved for diagnostic application. 16, 17 SonoVue (Bracco SpA, Milan, Italy) is one kind of lipid-coated microbubbles commonly used in clinical contrast-enhanced US, which displays advantageous US features: for instance, resonance with minimal damping and the ability to reseal around the gas core after fragmentation. 14, 18, 19 In addition to showing their diagnostic abilities in various studies, 20, 21 lipidcoated microbubbles may also be effortlessly functionalized for drug delivery, molecular imaging, and other applications by incorporating different lipid head group species during or after production. [22] [23] [24] With the increasing demands for continuous clinical improvement of imaging resolution, speed, penetration depth, and safety, the novel design and improvement of US contrast agent microbubbles with prominent physical and acoustic properties have remained key focuses in both the acoustic and clinical communities. In the past decades, many efforts were made to fabricate more desirable US contrast agents with various compositions to satisfy the clinical requirements in specific circumstances. 23, 24 For example, more precise diagnostic information can only be obtained by using high-mechanical index sequences, and a longer wash-out time is required to increase the sensitivity for diagnosis of hepatocellular carcinoma. [25] [26] [27] In this work, one kind of nano/micrometer longcirculating lipid-coated microbubbles were synthesized via thin-film hydration, mechanical agitation, and altering the gas core composition of SonoVue with octafluoropropane (C 3 F 8 ). Then, the imaging enhancement ability of the synthesized microbubbles during US irradiation was analyzed in vivo and was further compared with SonoVue microbubbles. More specifically, systemic experiments were performed to characterize the size distribution, viscoelastic parameters, and inertial cavitation threshold of the synthesized microbubbles. The data obtained could be favorable for revealing the mechanism that enables the prolonged circulation properties of lipid-coated US contrast agents by adopting a more insoluble gas composition.
Materials and Methods
Materials 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA), and distearoyl phosphoethanolamine-polyethylene glycol 2k (DSPE-PEG2k) were purchased from Lipoid (Ludwigshafen, Germany) and used without further purification. 5-Diphenyl-2H-tetrazolium bromide and dimethylsulfoxide were purchased from Sigma Aldrich (St Louis, MO), Dulbecco's modified Eagle's medium and fetal bovine serum from Gibco (Waltham, MA), C 3 F 8 gas from the Specialty Gases Plant (Nanjing, China), human hepatocarcinoma cell strain BEL-7402 from the Cell Institute of the Chinese Academy of Sciences (Beijing, China), and Sprague Dawley rats and Female BALB/c nude mice from the Jinling Experimental Animal Farm (Nanjing, China).
Preparation and Characterization of Lipid-Coated Microbubbles
Lipid-coated microbubbles were fabricated by thin-film hydration and mechanical agitation (Figure 1 ). The lipid mixture consisted of DSPC, DPPA, and DSPE-PEG2k (molar ratio, 80:12:8). The total lipid mixture was dissolved in a 10-mL solvent mixture consisting of chloroform and dimethyl carbinol (2:1 vol/vol) and then sonicated in a sonication bath driven by a continuoussource signal at a working frequency of 40 kHz and an output power of 80 W. The whole sonication process lasted around 5 seconds, after which a milky white solution was formed, and no macroscopic lipid particles were observed witnessed. The organic solvent was then eliminated by evaporation under decreasing pressure in a 50 8C water bath until a thin film of the lipids on the wall was formed. To prepare the aqueous lipid solution, phosphate-buffered saline (PBS, pH 7.4) that contain 10% glycerol (vol/vol) was added to the vial to dissolve the thin film. The obtained liposomal solution was aliquoted in 1-mL lots to a 2-mL vial. After the atmosphere above the liquid was exchanged with C 3 F 8 by using a vacuum pump and a needle inserted into the center of rubber cap, the microbubbles were finally produced by intense shaking by an YMD (Suzhou, China) Ag and Hg mixer, which has a fixed rotation rate of 5000 rpm 6 5%.
Low-speed centrifugation was performed with an Allegra 6 centrifuge (Beckman Coulter, Hialeah, FL) at 20g (relative centrifuged field). The well-prepared bubbles were divided into 2 fractions: a foam cake-like upper layer and a lower milky white layer. The suspended bubbles with a smaller diameter in the lower fraction were collected from the bottom of the centrifuge tube, resuspended in PBS, and kept at 4 8C for evaluation.
A light microscopic image of the microbubbles was taken with an Olympus (Tokyo, Japan) microscope. The surface morphologic characteristics and distribution of the microbubbles were detected by transmission electron microscopy (TEM H600; Hitachi, Tokyo, Japan) as a suspension of the sample was dropped onto a copper mesh and observed by electron microscopy after air drying. The particle size and zeta potential of the microbubbles were determined by Zeta Plus 90 equipment (Brookhaven Instruments Corporation, Holtsville, NY). Data points of the diameter and corresponding percentage were provided by the machine and fitted to a Gaussian model during the shell estimation process. By multiplying the provided diameter by the corresponding percentage, the average diameter was determined by the summation of multiplication. Three replicates of each measurement were performed in each experiment. A hematocytometer was used to measure the concentration of microbubbles.
Physical Characterization
To precisely show acoustic and physical properties of the synthesized microbubbles, inertial cavitation thresholds and acoustic attenuation measurements were obtained, and shell parameters were further estimated. All microbubble samples were diluted to a certain concentration (1 3 10 6 bubbles/mL for attenuation Li et al-Acoustic Characterization of Microbubbles measurement and 5 3 10 5 bubbles/mL for inertial cavitation measurement) in deionized water and gently stirred right before measurement. Figure 2 shows the experimental apparatus for acoustic measurement. This system can be divided into 2 parts: one for attenuation measurement and one for passive cavitation detection. All experimental apparatuses are explained in detail in the corresponding sections. A wave generator and digital oscilloscope were controlled by a computer equipped with LABVIEW software (National Instruments, Austin, TX) through a general-purpose interface bus (National Instruments). The area surrounded by the dashed line in Figure 2 was immersed in a water tank filled with degassed water, which had less than a 4ppm oxygen capacity. The water tank was built sufficiently larger than the sample box to ensure instant dissipation of heat generated by US irradiation during experiments. Thus, the temperature in the sample box was monitored to be around room temperature (20 8C) with the help of a thermometer. [28] [29] [30] The US beam was carefully calibrated by a hydrophone (HNC-0100; Onda Corporation, Sunnyvale, CA). Before attenuation measurement, a hydrophone was placed 8 cm away from the transducer (the same position where the sample box was placed) to monitor the emitted sound pressure. Transducers were driven by a pulser/receiver (5900PR; Panametrics) using the same parameters used for attenuation measurements (gain, 3 dB; energy, 32 lJ; pulse repetition frequency, 200 pulses/s). A fast Fourier transform was performed on the signals received by the hydrophone so that driving pressure was able to be visualized in the spectral domain. As a result, the acoustic driving pressure on sample was kept at less than 50 kPa in the spectral domain.
Acoustic Attenuation Measurements
Microbubble solutions of 1 3 10 6 bubbles/mL were injected gently into a 3 3 3 3 3-cm sample box made of polyethylene film and a polythene membrane. To exclude the attenuation of the polyethylene film and degassed water, the microbubble solutions were replaced by degassed water as a control group. Transducers were simultaneously used as transmitters and receivers, and the sample was placed 8 cm away from every transducer to ensure the plane wave incidence. Transducers were driven by a pulser/receiver (5900PR; Panametrics) at a rate of 200 pulses/s, which was also used to receive Figure 2 . Experimental apparatus. Part A was used to determine the attenuation spectrum of synthesized microbubbles, whereas part B was built for cavitation measurement. GPIB indicates general-purpose interface bus.
repetition frequency signals. In these experiments, the calibrated acoustic driving pressures were strictly controlled to be less than 50 kPa to ensure linear oscillation of microbubbles. After the repetition frequency signals reflected by the stain steel block were received, signals were collected by an oscilloscope (54830B; Agilent Technologies, Santa Clara, CA) at a sampling rate of 40 MHz.
Every signal recorded was averaged 128 times before being processed with MATLAB software (The MathWorks, Natick, MA). The pulse repetition frequency between each of the 128 averaged pulses was 200 pulses/s. To determine the frequency spectra of repetition frequency signals, we assumed, on a solid theoretical and experimental basis, that transducers should give equal measurement results in the overlapped frequency range. 31 Therefore, the attenuation spectrum was generated by dividing the echo spectrum of the microbubbles by that of the control group and averaging the attenuation spectra in the overlapped frequency range.
Shell Parameter Estimation
SonoVue as well the as synthesized microbubbles have a fairly thin lipid coating, which could be considered a viscoelastic film. 29, 32 Under the assumption of an infinitesimally thin coating and linear oscillation, shell elastic and viscous parameters were estimated with the help of Chatterjee and Sarkar's US contrast agent model, 33 similar to the method used by Guo et al. 34 In the following equations, R 0 and P 0 stand for the ambient microbubble radius and ambient pressure, whereas g L and c represent the liquid shear viscosity and polytropic exponent of the gas, respectively. In this equation, shell interfacial tension (r i ) and dilatational viscosity (j s ) are 2 factors that influence microbubble dynamics.
The extinction cross section r e (r; x) of a single microbubble could be expressed as a function of bubble radius r and linear resonance angular frequency x 0 , whereas x 0 and d (damping coefficient) are respectively related to r i and j s . The linear resonance angular frequency x 0 is defined in Equation 2:
where X5x=x 0 ; x is the angular frequency of the acoustic driving pressure; and c is the acoustic velocity in surrounding liquid. Considering the relatively low concentration of microbubbles in this measurement, acoustic power absorption of the microbubble sample should be the sum of all individual microbubble absorptions, as the oscillations of microbubbles are independent of each other. Taking the size distribution into account, the acoustic attenuation per unit distance in decibels could be written as
Here, r stands for the radius of the microbubbles and the summation variable in this equation, which starts from the minimum radii r i to the maximum radii r (k) ; (n)r serves as the weighing coefficient, which describes the microbubble radius distribution in a discrete form. An error function was defined to find the bestfitting parameters as follows:
where a cal ðx i Þ and a exp ðx i Þ represent the calculated and measured attenuation coefficients at a given frequency x i , respectively.
Inertial Cavitation Threshold Measurement
Inertial cavitation occurs when bubble movements become dominated by the mass inertia of surrounding liquid during bubble contraction. Phenomena observed in the process of inertial cavitation include microstreaming, a rapid temperature rise, and even sonoluminescence. The inertial cavitation dose can be detected by a passive cavitation detection method. As shown in Figure  2 , tone burst signals were generated by an arbitrary waveform generator (33250A; Agilent Technologies).
After being amplified by a 53-dB power amplifier (2200L; E&L, Derby, CT), an acoustic wave was emitted by an unfocused transducer (V303-SU) of 1-MHz central frequency. A sample box with diluted bubble solution was placed 8 cm from the transducer, and PBS was used as a control group. Before the experiment, the peak-negative sound pressure of the emitted sound pressure was calibrated by a needle hydrophone (HNC-0100, Onda Corporation), which was controlled by a 3-dimensional positioning system (Newport Corporation, Irvine, CA) using LABVIEW software. Thus, the peaknegative sound pressure could be calculated from the voltage of input electrical signals.
The method here was similar to that used by Gu et al. 35 The hydrophone was placed 90 8 to the transducer to minimize the influence of the source signal on scattered and emitted signals of microbubbles as well as broadband noise. For each sample, the electrical output voltage of the waveform generator was set to increase from 5 to 250 mV with a 5-mV step over a 60-second period. It was known that only short pulses (normally 2-5 cycles) were sent out by the B-mode transducer in the in vivo imaging process. Thus, in the measurements of the inertial cavitation threshold, the pulse length of the acoustic wave emitted from the 1-MHz unfocused transducer was set to 5 cycles. The signal was collected by an oscilloscope (54830B; Agilent Technologies) at a sampling rate of 25 MHz. To ensure the repeatability of experimental results, 5 separate readings were recorded during a single test, and the measurement was repeated 4 times, giving a total of 20 readings for each microbubble concentration.
The inertial cavitation threshold detection method used here was similar to that of Tu et al. 36 Briefly, on all recorded signals, a fast Fourier transform was performed and the root mean square amplitude of the frequency spectra was calculated within a 0.5-MHz window between the third and fourth harmonics with LABVIEW software. After the calculated root mean square amplitude was plotted as a function of time, the accumulated inertial cavitation dose was determined by the integrated area under the root mean square curve during the whole sampling period.
Ultrasound Assessments
In Vivo Imaging Sprague Dawley rats (n 5 3, 300-450 g, 6 weeks old) were used to determine the US contrast enhancement capability of the microbubbles in vivo. All protocols were approved by the Institutional Animal Care and Use Committee of the Medical School of Southeast University before the experiment. All animals were anesthetized via an intraperitoneal injection of 10% chloral hydrate (300 mg/kg). The abdominal hair over the inspection area was removed with depilatory cream to facilitate an external US examination. Microbubbles (10 9 bubbles/ mL, 0.1 mL/kg) were used for administration, followed by a physiologic saline flush (0.5 mL). A 2-hour interval was set to allow for bubble wash-out so that microbubbles were allowed to clean out entirely before the next injection. Ultrasound imaging (Technos MPX US system; Esaote SpA, Genoa, Italy) was applied with a broadband linear array transducer (LA532E, 3-10 MHz) to store 5-minute clips for a total of 180 images at 6.5 MHz. Microbubbles were resuspended before each injection into the rat. The US imaging system and scanning parameter settings for ideal visualization were kept constant, which included the gain (50%), mechanical index (0.08), scanning depth (44 mm), field of view, and position of the focal point.
Imaging of Tumors
Human hepatocarcinoma cell strain BEL-7402 was kept in an incubator at 37 8C in a 5% (vol/vol) carbon dioxide environment and cultured in Dulbecco's modified Eagle's medium using 10% fetal bovine serum. The cells were digested with 0.25% trypsin to prepare a single-cell suspension that was adjusted with PBS when the confluence reached 80% to 90%. The BEL-7402 cells (2 3 10 6 cells) in 0.2 mL of PBS were injected subcutaneously into the right dorsal scapular region. These animals were located in a specific pathogen-free environment. All in vivo examinations of acoustic properties started when the tumors reached a size of 0.8 to 1.2 cm. A total of 6 subcutaneous tumor-bearing nude mice were for the US test.
Contrast-enhanced US was performed with a Technos MPX US system equipped with a linear array transducer (LA532E, 7.5 MHz for fundamental grayscale imaging and 2.5 MHz for contrast-tuned imaging). The contrast-tuned imaging mode can restrain clutter noise and offer real-time examinations at a low mechanical index.
Mice with human liver cancer xenografts were anesthetized with isoflurane gas and maintained under anesthesia over the duration of this study. Before US imaging, all mice were located on a warm plate to maintain their body temperature. The transducer was set on an iron support stand to reduce blurring caused by the operator and respiratory movements. Lipid-coated microbubbles (0.05 mL) were injected into the tail vein, followed by 0.1 mL of saline, but not injected directly into the xenografts. The imaging was supervised in real time by means of dynamic image acquisition until the imaging signal in the tumor region was washed out. A 2-hour interval was applied to ensure the absence of an enhanced signal. To compare the imaging capability between the synthesized microbubbles and SonoVue, the same microbubble concentration and imaging protocol were used for all US contrast agent samples. Grayscale images of both kinds of microbubbles were analyzed, and the time course of the corresponding parameter was measured by ImageJ (National Institutes of Health, Bethesda, MD). A time-intensity curve was produced, and the subsequent indicators of the xenograft tumor areas, including time to peak, peak intensity, and half-time of wash-out, were analyzed statistically.
Statistical Methods
For the in vitro studies, differences between experimental and control groups were determined by 1-way analysis of variance and deemed statistically significant at P < .05. In the inertial cavitation threshold experiments, a single-tailed Student t test was performed between inertial cavitation doses of microbubble samples and PBS, and statistical significance was accepted at P < .05.
Results

Physical Properties of the Lipid-Coated Microbubbles
The suspension of the synthesized microbubbles appeared as a milky white solution, and there was no obvious foam on the surface. Light microscopy ( Figure  3A) showed a visual perception of microbubbles. Under Figure 3B ), the microbubbles with a lipid membrane on the surface and C 3 F 8 gas core inside appeared spherical and uniformly distributed. The vacuum environment required by TEM might have induced relatively small microbubbles on the TEM image. The extremely low environmental pressure might have caused rupture, collapse, gas leakage, or deformation of the microbubbles, which resulted in "shrinkage" of the microbubble size. During the calculation of shell parameters, a determined distribution of the microbubble diameter was required. Thus, only a single set of the Gaussian fit of the size distribution, which was applied in the shell parameter calculation, was used in this study. As all 3 samples showed similar size distributions, a typical Gaussian fit of the microbubble size distribution was chosen to represent the size distribution of the synthesized microbubbles. From the fitted Gaussian model, it could be further determined that 95% of the microbubbles were within 1112 6 1855 nm, whereas 99% of microbubbles were within 996 to 1972 nm. The average diameter of the microbubbles was 1.484 lm (Figure 3C ), and the zeta potential (pH 7.4) was -21.22 mV. The concentration measured by the cell counter was 3.1 to 3.5 3 10 8 bubbles/mL. Therefore, the average diameter of the synthesized microbubbles was smaller than SonoVue, which has a sulfur hexafluoride gas core inside and an average diameter of 2.5 lm, 37 with an initial concentration of about 1.5 to 3.0 3 10 8 bubbles/mL. Existing methods for the fabrication of US contrast agent suspensions involve the production of a gas core stabilized by encapsulating shell materials (eg, a mixture of phospholipids or serum albumin). The lipid blend was generally in powder form, and contained 80% DSPC, 12% DPPA, and 8% DSPE-PEG2k (molar ratio). According to van Rooij et al, 38 the acoustic stability, responses, and shell elasticity of the DSPC-coated microbubbles are higher than those of DPPC-based microbubbles. Herein, we used neutral phospholipid DSPC as the main lipid in the coating. Of the shell materials, another neutral phospholipid, DSPE-PEG2k, was added for PEGylated lipid shells, which can help the microbubbles escape from the mononuclear phagocyte system. 39 One of the components, the anionic phospholipid DPPA, was responsible for the negative zeta potential of the microbubbles, which not only highlighted the propensity of the microbubbles in suspension to repel each other to prevent aggregation and coalescence but also reduced the surface tension at the gas-water interface to decrease the internal pressure inside each bubble. 40 To prepare a gas emulsion, gas is usually entrained by sonication, mechanical oscillation, or highshear mixing. In this study, we prepared lipid-coated microbubbles using mechanical oscillations, which is relatively simple, is easier to control, and produces less heat during preparation compared with US oscillation. Figure 4 illustrates the calculated attenuation spectrum (red line) and the measured attenuation spectrum (blue line). The attenuation coefficient showed a sharp peak at around 2.8 MHz. With the measured attenuation spectra, the interfacial tension and dilatational viscosity of shells were estimated by minimizing the mean square deviation between the calculated and measured attenuation spectra. Here, we reasonably assume that oscillations of microbubbles do not interact with each other, so that the attenuation spectra should be the sum of the ones of individual bubbles.
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Physical Characterization
As can be seen in Figure 4 , the estimation result fits well toward the tail of the spectrum and deviates by 0.3 to 0.4 dB/cm around the peak. Such a degree of deviation has been reported in various articles 33, 36, 41 and could be the result of bubble rupture, fusion, or cleavage. Although independent oscillations were assumed, it has been pointed out by Stride and Saffari 42 that the application of Equation 4 might lead to discrepancies between calculated attenuation and experimental data around resonance frequencies, indicating that multiple scattering and secondary Bjerknes forces are not neglectable for concentrations higher than 1 3 10 6 bubbles mL. However, as was pointed out by Hoff et al, 31 the best results obtained for dilutions give acoustic attenuation of around 3dB/cm, which is generally coherent with the acquired peak attenuation. Moreover, if the samples had been further diluted, the noise signal might have been too large to give a fair measurement of acoustic attenuation. Generally speaking, a bubble concentration of 10 6 should have been an appropriate choice for our study. The corresponding estimated shell interfacial tension and dilatational viscosity were 0.2 6 0.09 N/m and 9 6 1.1 3 10 -9 kg/s, respectively. It is notable that the interfacial tension of the synthesized microbubbles was much higher than that of a clean water-air interface (0.072 N/m). This difference could have been the result of the application of a Newtonian rheologic model. When establishing the oscillation equation of microbubbles, such a model was applied, assuming that it was the viscous part (also known as "interfacial tension") causing deviatoric stress. However, there do exist some non-Newtonian viscoelastic parts, (Gibb elasticity and the elastic bending term, for instance) during microbubble movement, which have been taken into account as interfacial tension in the estimation process. 33 As a result, estimation results for the interfacial tension of microbubbles are much higher than for a clean water-air interface.
It has been estimated by Tu et al 43 that the shell interfacial tension and dilatational viscosity of SonoVue are 0.32 N/m and 4 3 10 -9 kg/s respectively. Therefore, our result suggests that, as the synthesized microbubbles have a similar shell composition as SonoVue, it is reasonable to see that the shell interfacial tension of the bubbles (0.2 6 0.09 N/m) agrees well with the value reported for SonoVue. 32, 34, 44 However, the dilatational viscosity of the synthesized microbubbles (9 6 1.1 3 10 -9 kg/s) is about twice the value of SonoVue, which might be attributed to the adoption of a relatively insoluble gas core.
By plotting the inertial cavitation dose as a function of the calibrated sound pressure (P -), the inertial cavitation threshold was then defined as the frequency above which inertial cavitation doses of microbubble samples were statistically higher than those of PBS, indicating that the inertial cavitation behavior induced by the microbubbles statistically transcended that of PBS. Figure 5 shows inertial cavitation doses of PBS, SonoVue (5 3 10 5 bubbles/mL), and the synthesized microbubbles (5 3 10 5 bubbles/mL). As can be determined by the dashed line in Figure 5 , the inertial cavitation threshold was about 160 kPa for the synthesized microbubbles, which was larger than the inertial cavitation threshold of SonoVue (130 kPa). Although the difference between the inertial cavitation thresholds was statistically significant (P 5 2.88 3 e -12
), it can also be noted that the difference between corresponding input voltages was also electrically significant, which means that it would be extremely feasible with modern technology to enable inertial cavitation of SonoVue while "disabling" inertial cavitation of synthesized microbubbles.
When irradiated by US pulses with increasing sound pressure, stable cavitation occurs first, bringing modest biological effects without bubble rupture. When the acoustic driving pressure increases to a certain degree (known as the inertial cavitation threshold), inertial cavitation behavior would emerge, during which bubbles first expand and then rapidly collapse and fracture under the influence of the mass inertia of the surrounding liquid. As can be speculated from the emergence of inertial cavitation, the inertial cavitation threshold under the same US irradiation parameters is mainly determined by microbubbles' ability to resist rupture during expandcontract movement. Differences in shell composition, gas composition, and particle size have been verified to have influences on bubbles' ability to stabilize themselves during expand-contract movement. The stronger their ability against collapse, the higher the sound pressure they could endure before moving into inertial cavitation. As has been pointed out by Guo et al, 34 SonoVue microbubbles of 5.0 to 12.5 3 10 5 bubbles/mL possess an inertial cavitation threshold of approximately 128 kPa at 5 cycles, which corresponds well with the currently measured data of 5 3 10 5 bubbles/mL for SonoVue. In comparison with SonoVue, the inertial cavitation threshold of the synthesized microbubbles was prominently higher, which indicates a stronger ability of synthesized microbubbles to fight against sound irradiation.
Ultrasound Assessments
In Vivo Imaging For the in vivo studies, grayscale images of the rat liver, heart, and kidneys were obtained in the contrast-tuned imaging mode. Figure 6 shows a representative collection of contrast-enhanced images obtained with the use of the synthesized microbubbles over time (0 seconds, 15 seconds, and 5 minutes). Before microbubble administration, nearly no echo signal in the field of view was observed, except several hyperechoic streaks shown from the large interface. The liver, heart, and kidneys showed good enhancement several seconds after intravascular administration of the microbubbles. The synthesized microbubbles lasted longer in the kidney because of its abundant blood supply. The echo intensity in the liver, heart, and kidney reached the maximum value and then gradually decreased.
Imaging of Tumors
Both the synthesized microbubbles and SonoVue enhanced the imaging of liver cancer xenografts remarkably. The echo intensity increased quickly at the beginning, then reached its peak, and subsequently decreased. However, as shown in Figure 7A , the signal intensity of SonoVue decreased rapidly, and the image went back to dark merely 15 minutes after injection, whereas the signal intensity of the synthesized microbubbles decreased slowly and was maintained for up to 30 minutes. The results indicate that the synthesized microbubbles are maintained in tumor tissue for a longer time than SonoVue, revealing stable and long-term contrast-enhanced imaging of the microbubbles. Figure 7B shows the timeintensity curves of both microbubbles, in which the synthesized bubbles showed excellent stability in internal Figure 6 . Contrast-enhanced images of the liver, heart, and kidney over time (0 seconds, 15 seconds, and 5 minutes) with the synthesized lipid microbubbles.
circulation and had a longer metabolic time than SonoVue. Figure 7C compares the contrast indicators (time to peak, peak intensity, and half-time of wash-out) between the synthesized microbubbles and SonoVue. The comparison in Figure 7C shows that the time to peak and half-time of wash-out for the synthesized microbubbles were significantly longer than the values for SonoVue. The results can be explained as follows: (1) The synthesized microbubbles were composed of C 3 F 8 gas, which has a higher molecular weight than that of sulfur hexafluoride (which is the core composition of SonoVue). Thus, synthesized microbubbles are theoretically more stable than SonoVue, which is further confirmed by the inertial cavitation threshold measurements of both bubbles (see "Physical Characterization"). (2) The net negative charged shell could enhance retention of microbubbles in the normal microcirculation, which would further increase the resonance and opacity of the vasculature for these microbubbles. 45 (3) Since the synthesized microbubbles have a relatively smaller average diameter than SonoVue, more bubbles might be able to penetrate deeper into the tumor, so it might take these bubbles more time to permeate and aggregate in the tumor site, thus having a longer time to peak enhancement.
Discussion
The emergence of US contrast agents has not only enhanced imaging abilities of US but also widened the application of US in clinics. Over the past few years, novel contrast agents with various shell compositions and gas cores emerged rapidly, enabling improvement of imaging quality. [20] [21] [22] [46] [47] [48] Moreover, because of the development of molecular science, surface modification has become quite popular, and targeted/multimodality contrast agents have become a trend of development for commercially available agents. 49, 50 Figure 7. Comparative study of the synthesized microbubbles and SonoVue: A, contrast-enhanced images over time; B, time-intensity curves of contrast imaging in tumors; and C, comparison of the time to peak (P <.001), half-time of wash-out (P <.001), and peak intensity (P 5.056). *P <.05.
As one of the indicators of microbubble behavior, the inertial cavitation threshold plays an important role in the clinical application of microbubbles, as it intrinsically determines whether the bubbles contract and expand in accordance with the incident sound wave or whether they rupture and release the encapsulated gas (or genes and drugs). Thus, while taking advantage of those novel functions of microbubbles, the inertial cavitation threshold is still of crucial importance so that side effects brought by inertial cavitation (eg, undesired fast US contrast agent microbubble rupture, tissue damage, and hemorrhage) will not occur during diagnostic process. To further study the possible influence of the inertial cavitation threshold on imaging performance, we synthesized microbubbles with a similar shell composition as SonoVue but that had a different gas core. Then, its physical, acoustic, and clinical performances were comprehensively assessed. The shell properties of the synthesized microbubbles were determined by fitting the measured attenuation spectra from Chatterjee and Sarkar's US contrast agent model, 33 and the acquired shell parameters were further compared with those of SonoVue that were reported by previous studies. The inertial cavitation thresholds of both kinds of microbubbles were determined in 5 cycles by using a passive cavitation detection method. In comparing the difference between the synthesized microbubbles and SonoVue, the acquired results demonstrate the fact that, with simple alteration of the gas core of SonoVue microbubbles with relatively insoluble C 3 F 8 , synthesized microbubbles could have a smaller average diameter, larger shell dilatational viscosity, and higher inertial cavitation threshold. As a consequence, the imaging enhancement and washout time of the synthesized microbubbles were prominently extended, which effectively enabled longcirculating microbubbles, which might be better suited for tumor imaging and therapeutic applications in drug/ gene delivery.
However, it is worth mentioning that during in vitro imaging, the imaging performance of microbubbles might vary because of the influences of boundaries. Generally speaking, because of interactions between the shell and viscous wall, the resonance frequency, amplitude, and symmetric characteristics of bubble oscillation tend to change. It has been reported that the resonance frequency of a single microbubble is relevant to the contact area and contact angle. 51 Furthermore, asymmetric oscillations of microbubbles adjacent to a wall are highly likely to occur. 52 In previous studies, different boundaries were evaluated, and physical characteristics of boundaries were found to be of critical importance in the offset-dependent microbubble response. 53 Thus, during actual clinical practice, the in vitro performance of novel microbubbles requires careful examination before human injection.
In conclusion, lipid-coated microbubbles have attracted much interest in recent years as agents for molecular imaging as well as targeted treatment of tumors. Through valid characterization methods, this study demonstrates that nano/micrometer longcirculating microbubbles could be effectively fabricated by encapsulating a high-molecular weight gas core (eg, C 3 F 8 ) in the lipid shell materials. The smaller average diameter and larger dilatational viscosity of the synthesized microbubbles might result in a higher inertial cavitation threshold. As a result, synthesized microbubbles have a stronger ability to resist rupture under US sonication and longer half-time wash-out in tumor imaging. It is thus known that the synthesized microbubbles are more suitable for use in particular diagnostic applications that require a prolonged observation time (eg, diagnosis of hepatocellular carcinoma) or can be modified into drug/gene carriers in targeted tumor therapy, as the high inertial cavitation threshold ensures safe and intact delivery of encapsulated drugs/genes to the targeted area. More importantly, the findings of this study could help build a bridge between the physical, acoustic, and actual in vivo performance of synthesized microbubbles and could provide guidance for the design and safe application of US contrast agents.
